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aB lliACT 

In present day design of turbotaachinory, the underatandinf of 
the nature a>vl thn influence of secondary flov is of great impor- 
tance. The difriculties eiiccuntered in the eatheatatloal theory of 
the three-dl-^^ensional flow in turbomachinery has led to studies of 
the flow by visualisation techniques uuittg ssoke, amt by aeasure- 
»ent of velocity pres< uree and floir angles in two--iiatsr<sional cas- 
cades In order to bbtain Infoneaiion that might be used in the 
design of such raachinery. 

This investigation was concerned with the study of the effects 
of relative motion between bltuies a -d wail in a cowpressor cat<ca4e 
usln , velocity pressure and flow angle measure sente. The moving 
vfall affected the encondary flow by dispiasing the flow in t.ie 
direction of motion of the moving wall. The losses with a •*oving 
wall wore confined to a region nearer to the wall tiian in tnc case 
of no relative inotlon beiw'oea blades I'A wall. 

The flow in the bouniary layer with no end clearance (atator 
row) overturns, pxvsduulng a larger angls of at*ack on t.*e following 
rotor row than deeigtod. Tne flow lit the uouodary layer ^tn 
moving wall (compressor rotor row) uniertums and s-akus a a aller 
angle of attack with the next stator row tt.an ths designsd angle. 

All data taken were very rcproduolbls. The accuracy of all 
readings taken in regions of saeall velocity gradient ar.d sxall 
pitch angles la approximately plus or minus 0,1 degree for ysw 
end pitch envies, and plus or ninus 0,4 percent for nt&j,nation 
pressurs. In regions of low stagnation pressure and high velocity 
gradiont the accuracy of readings Is spproxiaately ius or jdnus 
0.5 degrees in yaw and pitch angles and plus or elnua l.O percent 
in stagnation prossure. Oue to the aetisod of measuriit pitch, 
any pitch angle greater than about 15 degrees 1 not accurate artd 
only serves to indicate an order of sagnitude. 
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IWTROOUCTIOII 



In ttM of tiirbcDAChiiwry end xn the e«&jy«i* of 

their pcrforaaaoe it !• l!q>ortant tnet there be «n understasdlnc 
of the oeture «ad infixzeoce ot eecoadary flow. Theories cf tutt»o<^ 
mschioes bMcd on vlnd t»sciei or teoHUjaensloasl f^ov represent 
an SffproxiMtion a€ the aetml flov. The flov la turboMehioery 
is three 4iaensloiMiL aad presects difficulties lo the <MitheB*tical 
theory. Deviations from the flov behavior , as predicted by po- 
tential flev analyses ore teracd secondary flovs. Varioua 
theoretical and experiaental invest Igatl^M have been aade -«diieh 
partially describe the nuainer la vhich secoodsry flows affect 
the perfonaaace of turboicachiaea. 

effects end clearance aad relative aoti^ between 
the blade sjckl wall were investigated by Nsrtaig. Hansen and 
Costello (Hefs. I and 2). This work was done usiag ssioke visual- 
isation techniques as described in Hef . 1. A low speed two- 
dlaensloaal csscade and a high speed threa-diaaosioaal cMcade 
were used in the invest Ifation described la B«f. 1. A further 
InvestigatlOQ by the SACA (Ref. ia which visualisation tech- 
Biqoes wers again xxsed, dealt with the effects of tip clearance 
and rclstivc aotlon between blade and wall with high-turning 
blades. An investigation at the Kassachizsetta Institute of 
Technology Gees Turbine laboratory by Van Le (Ref. 4) conceited 
the effect of boundary layer on secondax'y flow. This work was 
conducted la a low speed tunnel using a coapressor cascade. 

It waa proposed to Investigate tip clearance and aeving 
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mil effccta on secondary flows as a continuation of the work 
done ¥y Van La. Tti* work was undertaken after ijnjjrovaaieata in 
the instrumentation and a redsalfn of eomprcssor caacads kladln^. 
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KESUU3 AKD DISCUSSICM 



Four ruQ 0 v«rc smdm with • constaat v*lu« of inlet velocity 
of the order of 120 feet per eecond but vltb veryinc ceeeede 
conditions* Th« runs asde srui tbe conditions during each <mio 
were ss follows t 

Him Ifo. 1 ••Ho end clesranee. 

Run Ro. 2 >•* ^/l6 end elesrsnce. 

Run Ro. 3 — 1/8” end clearsnce. 

Rim No* ^ » 1/8** ei3d olesrsnee with oovlng wall. 

The results obtained arc shown in Figures 7 through 18 as 
contour asps there being a separate aap for percentage of 
stagnation or total pressure, yaw angle and pitch engle re-* 
spectively for each mm* The contours all terminate at Z equal 
to 0.13 iaehcs frcci the wall, since it was liqpossible to obtain 
readings any closer to the wall with the probe used* In runs 
with end elearw^e, the ends of tbe blades are indicated by a 
daahed borieontal line* 

Due to the three *dia«ns tonal nature of the flow, it Is 
necessary when visualizing the flow to use all three contours 
for a particular run for a^maple , the yaw angle and pitch 
angle at a point to determine the direction of a velocity vector 
end the percent of stagnation pressure to detersiine the length 
of the vector. Another fact which suiurt be resiembered when 
viewing the maps is that the equation of continuity idiich must 
be satisfied in the three -dhsensional flow does not neccsseriiy 
have to be satisfied In tbe two-dimensloeal plane of tbe flow 
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vhich tb« sajH> r«pr*««nt. In addition ona should hear in Mind 
when wnalyslne soy of thesa naps the shape and thickness of tlia 
boundsu'y iajrar ahead of the cascade as shown in Tig. 6. 

All runs vara cade In a plana 1/2 chord length downstresn 
of the trailing adges of the cascade blades (plane B). There- 
fore, it is necessary to raallsa that the flow in this plane 
is the result of distxurbancas and forces st work In the blade 
passage. The previous results of Van Is, and of Hertzlg Han- 
sen and Costalle were used rather extensivsly in aaalyslng 
the results in plane B to dotemlne the forces in the esscade 
which produced these results. 

Considering JRun Ko. 1, with no end clearaxiec, the results 
were as expected frou previous investigations by Van la 
under the ssae conditions. Fig. 7 shovs that the region of 
hi£^ stagnation pressure has been distorted so that it is ex- 
tending upward along the pressinrc surface of the blade ^lls 
the region of low energy fluid near tlie wall has been displaced 
toward the suction side cX the blade. This movytaumt is also 
apparent fron the contours of yaw and pitch angles and the 
Ofverall flow picture obtained is tliat of a large scale " p as sag e 
rotation of all the fluid toward the suction surface act the 
blade tips. The approxiisate center of this rotation was about 
1/3 inch fron the wall and about 1 inch fron the suction surfsns . 

C^e fact eaaily discernible from Fig. 6 is the well-known 
phezKxeenon of overt\uming of the flow is the bovuwiary layer. 

Over a ccnsldendiie area between the blades and very near the 
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vaUL the yav an|[le la Klnus indUcatlag ovcrtxuminc of th» flov 
vhile the regloQ of underturnlB^t near the mil la confined to 
snail areas in the b lade mke. 

The overt^lmlag of tbs flov in the boundary layer and the 
larce ecale rotatlcsi ’ is easily understood by ean«> 

sldering the sketch belov. 




In order to balance the centrifugal forces caused by the 
turnlBC of the flov In passini^ tbrou^ the cascade , there is a 
ptressuro gradient front A to B at aidspan according to 
^ vhere R Is the radius of curvature of the streen lines. 

Thus there exists the tnefuallty reassnlig 

?c >Pd' 

Due to the lover velocity in the boundary layer hovever 
the streaa lines ttust have a insaller radius ot eurvatxtre in 
order to natch the aidspan pressure gradient. This aealler 
radius of curvature in the boundary layer accounts for the 
overturning of the flov. 
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Sven the overturnlnc of the flow In the boundary layer 
cannot prodiice a preasure gradient to match that at aidapan 
for ia the limiting caee at the wall i^re the velocity is 
ecro there would have to be a tcro radium of curvi^ure. 
Therefore the gradient in the bottndary layer doca not match 
that at mldmpan. and the following ineqivmility rea^Q.t•: 

Pjj>Pc>Pd>Pa 

It la thla unbalance of force* which produces the large 
scale ’'passage rotation . 

A cloae examination of fig. 7 ^owe that the blade wake 
region in the boundary layer ham been displmced to the left 
of the blade wake region In the free stream. An explanation 
for thla la that part of the hi^ energy fluid moving upward 
along the pressure svirface of the blade continues on around 
la Its eljockwlse rotation toward the auction side of the 
blade at the tip while port of it moves toward the 3 press\xre 
aide of the blade forclz^g the low energy fluid of the blade 
wake to the left and tiais causing the distortion of the blade 
wake region as seen in plane B, 1/2 chord dowsstream. 

One method of analysing the blade wake Is to consider 
the blade wake iregiem aa cme shed vortlcity. !Riis concept 
Bakes use of the fact that the blade may be replaced by a vor- 
tex sheet of sufficient strength to satisfy the Khtta condi- 
tion at the trailing edge and in this came rotating counter- 
eloektrlse as viewed from above. Then according to the Heladtolte 
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t)Mor«i uhlch say* that a vertex fliaBumt must end on a solid 
body or close on itself aad aastsalng no viscosity the cir- 
culatKxi or vortteity vould end abniptxy at the vail and no 
effects of shed vortlclty voald be felt dovnstresa. On the 
other hand with no frlctl<xt and any eM clearance the vortex 
filaaent voiild bend at the tip of tbs blade and continue on 
dovnetreea vuodiminished In strength to eventually close on it- 
self at infinity. 

The conditions for Run No. 1 vers no end cXearsfice but 
vith viscosity and an entering bouutdary layer. Since the cir- 
culation 3iust vary directly as the entering velocity to sat- 
isfy the Xutta condition the circvtlatlon aust decrease in the 
boundary layer- and as the circulation decreases, vortex fila- 
nents are shed troa. the main vortex filacMit. These shed 
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vortex f ilaxMWvt* fhould appeer m a vertical vortex sheet In 
plane B. with the velocity on the left of the sheet dovumrd 
and on the rl^t itpwsrd as shown In the preceding eketeh. 

This expected flow is shown quite cleerly by the pitch «igls 
cemtours of Pig. 9 sod extends down fron the wall about I 1/2 
inches. 

Run No. 2 was aade vith Inch or 11.2^ chord end 
clearance and the results are shown in Figures 10 11 and 12. 

The sost striking difference between this run nod run Ho. 

1 is the large region of low stagnation prassure vlth a nega-' 
tive region in the cienter at approxhaatoly Y equal to 2.5 
and S Cf|ual to 0.5 > as shown on Fig. 10. Figure 11 shows a 
very rapid change in yaw direction in this saxe region 
several of the plus and ainus yaw coritours approaching ^x:b 
other very cilosely. The flow above the zero yaw line is go- 
ing to the left or underturniag while the flow bejneath the 
aero contour is going to the right or overturning. At first, 
this would appear to be the vortex filaaent abed from the tip 
of the blade. If thie wre so the counterclockwise rotation 
of this vortex would produce yaw angles as Isdlcatcd but in 
the pitch plane would show up aa large alnus angles to the left 
of this region and large positive angles to the right of the 
region. An exaeilaatloQ of Fig. 12 shows that thSs Is not so. 
area of large yaw angle change falls in a region of 
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«o#pletel7 pitch, n« way of lo-jkln; r,t this Is to consider 

the bled* replased by a vortex sheet rather than & sini^Xe vortes: 
fllsnent. Then tho vorto'. sh*-»t shed fr«?e the tip of the blade 
would produce the effects indicated In the yaw plane of > ig, II. 

A sketch of the ahed rortrx sheet ts st'x^wn below. 
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It is obvious fron Fig. 11 thet the horltontul vortex sheet 
shed frcB the tip of the blade Is not 3n line with the tlado wake 
as might be expected, xn order for tiiie shed vortex shovt to 
apoesr in Its displaced location in plane li, it would have to 
travel downstream from the tip with ftpproxlrwtely the direction 
of the entering otreaa rather than the avuragu direction of the 
stream leaving the caseado. Ho reason is k?»wn for the unwilling- 
ness of a vortex sheet or filsjrent to turn with the rfcst of the 
flow, but the sa’se phenonenon lias oeen oorenred and photographed 
by Hertsig, Hansen, and Costello introduoing ssKjke streaas into 
the flow. 

The negative stagnation pressure region in Fig. 10 occurs in 
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the «re& of the horizor4tal vortex sheet shed fros the biade tip l.t. . 
ia the region of imucIkuk sheer. The only explenetlcn of this luiga- 
tlve st&gn&tlcn prcsstire sres. is that the static pressure Is si., 
eonvertad to kinetic energy In the velocity rotation of the vor- 
tex sheet sad th&t this velocity bead of the vertex sheet vae 
either not aeaoxnrablc in that |»articular area or vaa dissipated 
by viscous action. 

Another obvious difference betveen the fiova of this nci 
and run Ko. 1 la the dbactice cf the overturn lag or ainua yaw 
angles In the boundary layer ea can be seen in Pig. 1' . Tala is 
to be expected in the area between the blado tips and the wal 
where the blades cannot turn the flow. At e location Just below 
where the bladn tips would be, ia run Ilo. 1, there is stllJ a 
snail wcouat of overt'aming. fiowevor, in this thlo aj*ea 
cf slif^t overturaiag is just above the ohed vortex sheet, and 
on the yaw pla«e, the overVoralag caused by the boimdary layer 
is conpiGtely canceled out by the velocity to th« left of the 
fluid above the shed vorttx sheet. 

The vertical vortex sheet produced by a gradual shedding 
of aosse of the vorticlty toward the hlada tip dua to the 
gradual decrease of the velocity in the boundary ^ayer ia 
apparent in Fig. 12 as « region la the wake where the pitch 
angles go from sinus to plus when crossing the wake fros left 
to right. The effect ia not as strong here as in the first run 
due to the fact that the area where it occurs is a region of 
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£r»h\t»r vclocit/^f «nd b«ewut« nOb-t of the vortloity ta ah«*d at the 
tip of t!i« f'lade. 

It af»in »p;>«ftrs th£.t the iar^ *c«le "paa^ace rot/Ation* la 
present, teixlin^; to di;i$plAce low enerjor fluid toward the -uetion 
surface, althouj^h Its pr««sn»« la not uu apparent as in nun tio. 1. 

7h« effects of V..e horlcontal vortex sheet shed irum the tip oi' 
the blade and the flow over the tips of the olauies aL*30st ccrapleteljr 

Reek t)ie effect of this "paasa^e rotation”, but after a study of 
all ttie nape for this nm, padding ;>ariicular attention to the atagria- 
tlon pressure ccntours, one explanation of the final ruoult Is 
ss follows: 

The hurisontal vurt'^x sheet shed froa the blade tip proouess 
rotation tending to force low eitorgy fluid down along the pressure 
surface of the blade. In op^'osition the ^passage rotation” aiui the 
flow over the tips tends to displace high energy fluid upward along 
the pressure surface, and these latter forces predoieinute because of 
the neemess of the horisontal vortex sheet to the suction surface. 

The ressit Is that high energy fluid is displaced upward along ttie 
pressure pressure eurface as nay te seen in Fig. 10. 

It should bo noted that tli« pitch ccntours of Fig. 12 which 
indicate very large negative pitch angles «re not exact, bus to 
the RSthod of obtaining pitch angles, an aiigle over about 15 degrees 
Is not rellab..« ar.d only serves to Indicate an order *>£ luigriitude. 

Tiun ho. ^ was made with 1/3 i)>ch or a.3/» oncru end clearance. 

T^>e rasults are shown in Figures 14> a.xi x5, er«d are in getieral 
the saeie as those of dun 2, except that in tide run all the 
effeeia are Imss „roitouijced due to the s*all«r aaount of nd clearaHce. 
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lo. S. ftovvmr , mm is rum He. 2 Um nr^lmm %f jovi^t 6t**.«i*t 

poseur* co'nci.d«B with toB re^cn of Mtesz <.n t*< >«w 

p*an< end w tn a raglon Of nagat: v^ p<tou a<^ « . ^>ra 

an *xp aviation for this •v«u*d b* a vort«x sh««t sh»d frao tmm t-* 
of th« b^ada. The wake region conta^nlAg to* vartica. <ortex ch«et 
which is shed when going into tne bovrtdary ^ayer «.s <a«>re obviows 
in Fig. o for this rvai than it -J&m for run Ro. 2. 

The aain difference in tbv yaw angies betwaen this run and 
run Jfo. 2 is that the f ov above the b^ade tips is strong:y 
affected by the b adea, and there are reglona cf overturning a« 
in the case of no end clearance. 

A study of Fig. shows that the high energy fluid is be-'ng 
displaced upward along the pressure S'X'face as in the case of th* 
5/ib inch end clearance run, b.it is not being disp,4K:*d v.pward 
along the suction surface as in rui 2. An explanation for this 
would be that the veaher shed horisonta: vortex sheet in this cas« 
does not hare sufficient strersgth to overcore the effects cf 
passage rotation’ and the flow over the b.*ade tips. 

As in Run Ko. 2, the pitch ang.es greater than degrees 
Bhou..d be regarded oniy as indicating an ordi»r of iaagnitude. 

R'lia 8o. with >/C Inch end clearance and a moving wa^.: was 
made to simuiete the re.ativ« notion between the bousing and th« 
rotor biAde tips of a ccssipressor . The resoits are shown m 
Figures ^6 17 and l: . The moving wall speed was the same as the 

inlet air velocity, vl'.ich voujd be the relative entering velocity 
to a rotor row. These conditions and the blade aagica give a 
velocity dlsgrsB as ndlcst-rd beiow which is representativ* cf ti*e 



w,= u 

R«latlv« entering «.ngl« 40® 

Aeldtive exit angle 5® 

The effect of the moving vai- is isauiedtatft-:y ob/io^ froB «n 
exae^ination of the yaw angles near the wa.l for this run aiod run 
Ifo. 'j. Here al the yav angles near the va>x are ..arge posit<v« 
angles indicating that the fluid n»ar tlse wa^x is being dragged 
to tl«s .eft with the fflo\'ing waLx. 

The effect of the moving walx is also apparent when cena dar 
Lng the region of high shear -high oss on the yaw and pressure 
maf« for r.jxs 3 and In this mn the area of high shea:r')iigh 
iosa Is both displaced In the direction cf the moving wall and 
stretched horiScntai y. 

Kere again the vertical ahed vortex sheet in the b..ade wsl« Is 
apparent frcja. an cxa&lnation of Pig. . A diffcrf.nce in the piten 
angles for this run end .run Mo. 3 can be seen by coajeuring Flguz^s 
^4 eind x'( . In genera., the region n*er tne wax showed a arger 
downward p tch Sbogie in nm 3 than In this run. Mo «jcp ane.tl^ xa 




offered for this . 
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•ww «AC cuct.oo fwc^a lo tHKM t*kt- lA • £«fcui 
sisa^cr t-^ rutt Re. C. Am (xpuioMt iSu t •« ^ tc«t !•» 

Wuriaovt* yxfrtix. s6*«t «•>«£ frai tt» t!t> ^ mf 

tofi aovltig \m.ij. t«ua ^Ivia^ it gnmt*T «ff*ct la b«^ 

ea*rcr fi.uld ^ifl aiong t<v* •«'Ction Tec*. 

A fact not obvious fivke n«. lu is tost tt« 

valt. rvpr#««fits s *in< of .lOQ^ stagnation pceneun «s Caspar*^ 
to a *.ln» of zero stagnation press r» for a-.* otii#r t%ae. fits 
tnts fact In uind. a coiparison of tbs ^oss««3 in fig- O for 
run Ro. ji and Fig. o for this run beeoBee more uoR»i*stain.Ab»a. 
By overiayiag Fig. i.5 and .o one »ay obtain a dkfinlta .ndvca 
tlon that th» .oasas vxth a i^ov'ng \«a»< are jlVSS than ths 
losses witlK>ut a aoving vali . However it a^st be x *sai ml a i red 
that energy is being fed into ta« stream in the case of the 
MF/ing >ssijL by the two motors driving the belt. In an actua. 
machine this extra energy wooiid have to be sappx.icd by t**^ 
rotor itsei^. 

It is aatlmatsd that if the energy added to ths f ow bj tl»e 
a^ying wai' were subtracted# then the .osses in runs ^ and t 
vou d be wore closely coeparabie t/ith run So. showing the 
greater .ose 

nwi comparison of .^osses with and without a moving va.^ 
cou'd be emsputed rather accurately by c».putiug tne eciFKintifli 
th-ckasss of the belt boundary -ayer (in tlwt y direction) fro* 
a knewisdga cf the enterinf veiccity profile in tne X dLrwctiOil 
the speed of the belt tne roughness or fr*ct-on factor of tbm 
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tef«r« r«wKhtQ« tl»» ju-o** . UttA^uu^ tlw «Ai*4 t/d %0» forv 

In tbi^ MaRvr fc\d cojq^tuas tfe^ .om«s 4 5 

fr«phica . iKttgratlon a rvUMM* aceurat* 00 i^» r >a<a cf tM iM«ii« 

for tha tvo r^ua co%L«d b« caadc. Thl4 ^<bb not d3o^ <!*•• to iac^ 

of ttae. 



cuauLt k 1 

In |^ .a. •ff-ct« ^u- m-i.xtL^r . f'.ov ur Ai*> 

p aci(^ tim fiijv .n tn<. d r*?t!.on ttf 14*^ «•« . Tte f 4% 

v«l*j c^os* to th« moving vm.* *w?v»* th« d. mutt -am of th* «• 
rcthmr tnmn turning vith tlv o&in f ow. In mdd tl^ ttec oa»«d 
vith a »4^/lng are probab / greater and definite.^ &r« con 

fined to a region nearer tne vaut. 

A coaparieon of aul the pressure contours Indicataa that th* 
lossaa vlth end cj.earar.ee and v th or vitiKrjt a moykng ye.^i are 
greater than vith no «nd clearance. However, the region of 
..oases is rou^^y ths ssaq as, or snailer inth end clearance asui 
with or without a aoving wai-i. than the region of lossts with no 
end clearance. 

Althou^ a previo' s investigation with no end clearance (HSf .^) 
indicates tlast j.o8s«.s do not increase appreciably farther do\ai 
stress than ^/2 chord, it is believed that with «nd ciearanc* 
with or without a aoving wail . the tesses wouid increase faurther 
dowuatreea than '/2 chord because of high turbxilence with re 
su.tlng viscous dissipation. 

Losses definitely increase with increased end clearance. 

The fiov in the boxaidaxy layer of a stator row (with no end 
clearance) overturns, produclrig a .ai'ger angle of attack on th= 
fo-xovi.Tg rotor row then designed. The fj.ow In the boundary 
xayer of a rotor (with' a moving wall) usderturns and nakes a 
smaller angxe of attack wuth the next stator I'ov than the de~ 
signed angle. 
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Experlaental Equipment 

This inrcstlgatlon vas conducted with the low -speed wind 
tvmnel st the Gas Turbliie Laboratory. The wind tunnel lias a 
velocity of the order of 120 feet per second. Details of con- 
struction and testing of the wind tunnel are found In Refs. 

6 and 7* The test section was modified prior to this investi- 
gation to facilitate the interchange of cascades and to malce 
it readily adaptable to use with a moving wall. 

The cascade vas designed by Prof. Robert C. Dcan^ end con- 
sisted of NACA profiles on a clrcxilar arc mean camber line 
of ^.630 inches radius. The chord length was 2.800 inches; 
the spacing was 2.600 inches; the height vas I6 inches, and the 
angle of incidence vas zero. 

A moving wall mechanism vas constructed for use in this in- 
vestigation of the effects on secondary flow of relative motion 
between the vail end the blade tips. A view of the moving vail 
assmbly alone is shown in Fig. 1 and the assembly in place 
above the cascade is shown in Fig. 2. 

An attempt vas made, prior to this investigation, to use a 
belt made of shim stock for the moving wall. This material 
proved to be imsatlsfactory. After considering several other 
belting materials, it vas decided to use standard sanding belts. 

It vas later learned that this method had been used siaccessfuUy 
in other cascade work. (Ref. 2). The effect of sirrface roughness, 
comparable to svirface finish of turbcmachlnery housings, could be 
investigated by varying the sanding belt grit size. 

The moving wall vas constructed in the following manner: 
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* scetion of 7-*iA«h channel Irm 5 long 'mm used aa a aaln 
support for the apparat\]S. Teo vooden pulleys, 6 1/2 inches in 
dlSMeter and 9 Inches long were niounted underneath this ehaumel, 
and a standard sanding belt S inches vide by 107 inches long vas 
used on the pulleys. One pulley was nade adjustable in order to 
vary the belt tension. 

The lover half of the belt vas used as the aoving wall , 
and a backing plate for thla section vae constructed fron a 
lO'iach channel iron, 23 inches I^ag. The surface of the channel 
was ground saooth . and It was also suspended fron the aain 
support ehannsl described above. 

Originally one pulley was iised as a drive for the moving 
wall, bxxt later both pulleys were used as drives due to the fact 
that the atotor was overloaded when only one ma used. ^%e 

r 

motors used were rated at 113 volts, 1120 watts, 13,000 rpm, 
and vers controlled by two variacs. 

Until the wooden pulleys vers dynamically balanced it was 
impossible to obtain a speed ebove about 63 feet per second on 
the belt duo to severe vibration. After balancing, however it 
was possible to obtain speeds to 200 feet per second with no 
vibration and without using maximum power available. 

During the investigation of the effect of the aoving wall. 

It was necessary that the belt run in close contact with the 
backing plate In order to maintain a set clearance between moving 
wall and the ends of the blade*. Originally It was supposed that 
this prc)blsm of keeping the belt in eloee contact with the backing 
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^ Wbti. i) u* • vC»* H wr«i n,a»A'Co. ^<1 f 

AA» • ct ou wn'ch vou;d bO-d ti* 3o»iai| %-*il »c < to 

tt-p 'backLftg pi*t«. 

Duriac th Initi^ of the b«:t t -mm 

found that It vou-d aot be neceseer/ to ticti^ sugB* 

•atiefector^ contact vito the backing!, ptat* vaa «d«.l&ta)x;'>d <n 
the speed ranu^ in which the moving wai-.. aas to be operated Ln 
this investigation. At lov speeds (50 to K) feet per second bei't 
speed) the belt d.d not Mintain proper contact with th« backing 
p ate . At speeds of to 70 feet per second however the bext 
aaiYlng over the bacKlng p-a.te generated its own suction and the 
belt 'vfas held >i\ such close contact that th» friction woiud de 
celerate the belt untix it reached the low a»)«ed region where 
suction was lost . With the power setting raeaining the same . 
this c/cia of generating and then losing suction contlnuad, the 
range cf speed being fram ebout 55 to about 70 feet per s»coad 
durl!^ th*» cycle. By increaslrg the power t waa posslbxe to drive 
th« belt througii th-» nigh suction speeds > and at any speed abov% 
about 5 feet per sacond the s ctlon generated by the ba^t waa 
sufficient to oaintatn good contact with the backing plate but not 
so great that the friction would cause tlie belt speed to vary. At 
the highar speeds there was apparently a thin flia of air dragged 
in between the backing p^te and the be.t . and this thin film cf air 
acted as a .ubricant. There seemed to be only a moderate amount cf 
fnctlcn b«' tween th« bc.lt and tiie backlr.g plat* because the t^- 
perature of th» backing plate •would rise a very small amount durisa 
long periods of operation of the be-t. 



TIm b«lt spMd VM (ScturKiiMd by dmum of a generator tacbo> 
Mtter mounted on one of tbc aotore . aad by a etrobotach. Slip- 
page of the belt on tbc pulleys varied both vith speed end vith 
belt teneloa* but the mntxaxt c€ slippage was fo\md to be con- 
stant vith a particular belt tension and speed. It vas necessary 
to relieve the teas ion on the belt when it vss not in use la 
order to avoid strctcblng the belt cut of shape. When tbs rig 
was SMids rssdy for runnieg it vas not possible to obtain exactly 
the asae tension sach tisM, and therefore it vas necessary each 
tijM the rig was xMsd to obtain the corrset belt speed by using 
the strobotach on a stark on the belt. Then with the belt rxsming 
at proper speed, the voltage of the tachcoeter getutrator vas 
notsd. and it vas found that the belt speed could be oalntalaed 
constant by keeping a constant valus of tschoseter generator 
voltage. The adjustments in pov«r to the motors to obtain con- 
stant speed throughout a run vers very snail. 

The entire moving wall asscdbly vas mounted on the stsia 
cascade support frame by msatis of two pads vhlch supported the 
ends of the ssvsa-lneh channel as shovn In Fig. The method 
of varying the clearance between the blade tips and the moving 
wall, vas to rsmore Bhis« from between the frame ccaprlsing the 
casesde and the cross-piece of the sMin cascade st;^port fratae 
on which it rested. Vith shims removed the cascade vas lowered, 
locating the tips of the blades below the level of the top of the 
vind tunnel test section. The moving wall assembly vas placed 
in position by skimming and by adjustment of the backing plate 



until tb« belt \m* on the eeae level as the top of the test 
section and the backinc plate rested against the face of the 



test section. 
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T;« lnsixni3«nt«.tion used daring this inv etiiatiun i^siaally 
th« saiM as that usckI during a r'ravlous invastigatlon by Van 
using t »e Ion spaed wind tunnel* sodlficatlcnu were nada to 

is^rovs the accuracy of readings, a;vd to i>vruv^o ttiu e^eed and ease 
of obtaining readings* Instruments used and tteir arrangeaient are 
Iiut*id below. 

• total pressura probe was aounted in ti^e plenua cr.ai&bvr upstream 
of tt.e cunvergi. g s«.ction of tits noazie, and was uaect to a 

constant value of siognation presaura during a run* ihls proba was 
connect tfd to one aide of an inclined watar aanoBWt«r, tne other side 
of which was oonncctod to static pressure in the cell below* This 
was ni»ces^ary because of the fluctuations of tKe static pr>»S8ure In 
the test cell. 

Criminally a y* rtlcal total pwssure rake was nwaated Inches 
upstraam of the cascade in the constant area duct. TKe nine ,>robes 
of this rake were connected to one side of a bank of vortical water 
manonoterc and g&r» an Indication of tr.e veiooity gradient in the 
streac ap^roaci.ing the cascade. This raxe was later removed due to 
the fact that it distiirbad the flow in the blade directly 

down"tr«a3!. 

A trsveraing scchonis* was used to position a pro^« for eaking 
aeasttre'ents either ah ad cf or behind tha c» cade. Loth t..e r.ori- 
aontnl and vertical travel of t' e ,-robe w»»ro controlled by lead 
scrisvs with 10 Wireads per inch and ned hairiwheels calibrated into 
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100 (Ilvislanii, so within th« untcnanical urror of tht »<^uipai«nt, 

it v-na })Ofiaibl« to position the probe to within 0.001 inch. 

The probe yaw (horizontal) en^Ie could be changed by rotating 
the vertical shaft which held the probe. Tlte angle was controlled 
by a selsyn and could be read either et the control station or on 
the traveraing u«ohanii»a to 0.1 degree. The probe could not be 
■oved in pitch (v«irtlcal) angle, ao that pitch angle %Mut obtained 
by reading the difference In total pressure between the top and 
bottots holes of the five hole probe, atul then obtaining t<ie angle 
fyoK a calibration curve. 

k Heriam water manometer which could be read to 0.01 inch of 
water was used as a standard for calibrating other cianoaeters and 
pressure pick-ups, and for checking the accuracy of readings througiv- 
out all runs. 

A five hole wedge probe, manufactured at tlte Qas Turbine 
laboratory, was used during all the nms. It consisted of five stain- 
less steel tubes, 0.016 inch inside diameter, all soldered together 
and ground to a 60 degree conical sliape at the tip. The diameter 
of all the tubes was 0.085 inch, the center hole was used for 
stagnation pressure, the side holes were for nulling to obtain yaw 
angle, and the top and bottom holes were for pitch angle. The 
response of this probe was very fast considering the diameter of 
the holes. A general view of the probe Is sirown in Fig. 1. 
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'■'im'* th« eonstant ar«a duct leading to the cascade uad been 
lengthened eiightljr prior to this Invest Igat ion , it ksb necesbioy 
to deterwine ijf the velocity profile nt the outlet oi tl.u duct tme 
still satisfactory. This was done by making a coaplate traverse in 
a plane inches upstream of the duct outlet (Plane A) with the 
cascade and rake reoiOYed. The results of this preliminary run 
showed a good profile for the area which would lie between blades 
3 at5d 6, the area which was eventually used for all runs. The 
velocity profile and the contours of stagnation pressure are shown 
in Fig. *>• The flow direction was also found to be uniform and 
parallel to the axis of the duct. 

h'ext It was necessary to detertalno if there was any flow separa- 
tion on the blades of the cascade. Se aration had bean discovered 
on the blades used in a previous investigation with this wind tumel, 
due primarily to the low turbulence in tne air stream, and the 
difficulty had been overcome by installing trip wires or sailers 
on the suction sides of the blades at?out 1/3 chord length behlrid tiie 
leading edge, es explained in Ref. 4. The Btihod used to check for 
separation was to paint the blades with a solution of lampblack and 
kerosene and then observe how the air flow affected this solution when 
the tunnel was running at full speed. This method gave an excellent 
visual indication of the flow along the blades, and showed that 
separation and backflow was occuring on both tho auction and pressure 
slries of tho blades. It was found that trip wirea, 0.006 inch in 
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dlsMterj lecsted 33' chord frc« 1 1 * j.cadlnff odK* the tniction 
side at«l 1 ,U% chord fron tne lesdlng wd^e on the pressure sid«f 
Mould cause the boundary layer to stick arki thus ( r*y«nt 8epar.ktlun« 

After these p irellnlnary steps, runs wore siade as described 
below. 

Kun No. 1, the first run for the purpose of obtaining data for 
this investigation, was with the cascade in place but with no end 
clearance and with no aovlng wall. In order to obtain tho desired 
Infomatlon with the silnliKm anount of data, it wee decided to use 
only one ooKplote blade passage and a SRall section of the two 
adjoining; blade paaaeges. Also, it vas considered desireable that 
the portions of the three passages hsve approxliaately the ease flow 
characteristic s • 

It was found that tio three vijacent bla^ie pasaagee in the 
cascade were sufficiently siadlar in their flow pattern for the 
^nirposes of tnis invostigaiion, e^;ce>.t possibly those dirocily 
downstreaei of the profilo rake. These passages had been elisd-nated 
b<;caus« of the disturbance uauoed. .y tho rake itself. After rwwoval 
of the rake, ttu*oe einilar passages were found in the region originally 
elisdnatedi because of t>ie rake dlsturbrince. The pasaage used for thia 
and all subsequent runs waa taken between blades 1 and $, together 
with the edges of the two adjoining paesageo. 

All the runs were »ade in a plane ^ chord length downctreasi of 
the trailing edge of the cascade blades (I’lane d), Klnce this is a 
represent stive figure of the dlstcnoe separating one blade row from 
another in a turboa»chlno, aiwl Inforaation gathered in tttia plane 
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c*iuld bo u.j*d in follo».lii '*>'• o' liijOoa. '* • runs woro 

" «io at a Ro/i»*15s -ua!>»r of 

T .« |»roc«d'irs w. rn oola^niiif a r. nJl^g at a i-olot **s to 
position tns null tUs pressui*«s Ija U>« ri 4 i*t a.«d i.*rt ;-«ul«s 

of tho trobo to obtain yav fngla, and rs*d t^e stagnstlon prsosurs 

ajvA pitch anjEls Bioroanastsrs. The aUcnation praaaure ** ~ t >an 
converted to rercert of ffldspsn valuo, and the pitch angle vas 
obtalnt>d frcHS a coll' ration curve. 

Tata were obtained by settln’" the probe at a given vortical 
(t>) coordinate, aitd then taking readinga across the passage by 
taking increasents In horlsontal (Y) direction. The staimation preseure 
and yaw angle were plotted as the data were taken, the reference or 
aero direotlon being taken as the direction of the flow at nidspan 
botween bladoe k and and the reference or l‘>3$ urtagnaticn pressure 
being t«‘en et the sa *e point, hirrllar traverses were snado across the 
passare at increasing values of 7, until the effects of the bourniapy 
layer ocald no longer be aeasured; i.e., until the flow was tlie sase 
as that at i&ldapan. The rough data plot for Pun t'o. 1 is shown In 
Mg. 6. 

The readings obtained and used in the rough data plot were 

reproducible to within about 0.1 degree for yaw and pitch and 0.2 
percent for stagnation pressure in a region of high sttgnatlon pressure, 
and to within about 0.3 degree and 0.5 percent In a region of low 
stagnation pressure where the probe vae less sensitive, dowsver, 
except In a region of unifom velocity, the yaw and pitch angles 
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•« r»«d wm not correct. 

>in~* ib«r« tr»9 9 rinlt* distenc* th« rlg*ii und l«ft 

it Ui« >rob«) It WHS pon«ib4.«, wltii th« pr‘Jts« in • ru^i^n uf 6t««p 
voloolty gnAicnt, tor tb« ri^X hol« to b« in 9 rogiun of nlnh va- 
locity whila tha laft hole waa in 9 ragion of low vaIocit>. C;>der 
vuch conditions, tha rin[ht hoLa would indioata a prasaura than 

tha laft oy«n tlioug}) tha probo was poiniitig dlractXy into tha straas. 
Tharaforo, w^5«n nulling to obtain yaw angle, tha proto woui.4 ba 
turrod aora to tha rigiit so that tha prassuros In tha right ar^l laft 
holaa would ba balanced, and an incori*c‘.jt value of yaw would ba 
obtairsd. 

The sa«a r<>a9onlng applied to tVw* top and t>ottOK holts for 
obtaining pitch angle. In addition, tha pitch rar<ding on tha rstcro- 
aarsater was dopanrlant not only on the actual pitch angle of tno flow 
but alao on tha p<?rcent of reference stagnation prassura at the 
particular point. Tnis was dua to tha fact that with tha flow going 
in a given direction, the reading of tha pitch laicroaameter and thus 
the pitch angle would oliow an Increaaa with increasing stagnation 
pressure. 

The yaw angles were corrected for velocity gradients by using 
tha rough data plots to determine the actual diffarencs in stagnation 
paressure between two points separated by a distance equal to the 
distance between the right and laft holes of the probe (0.0^6 inbh). 

This diffaranca in stagnation pressure was then used to enter a 
curv* and obtain tha correction to the yaw angle. Tha corrected yaw 
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«.n~3' S w«r« th*^n plo‘ od on th" r»>Ut*5< < . lot, ait^.uUfh t’.«y 

ar* not «’MOwn in Ptij. 6. 

It *Ai# found that t:*« valoclty gradlants In « r»>rtiKAX direction 
were not »ev«r» enough to cnuee any appreciable corr«etiun to t. e pitch 
anfl^^a. "narafore the corrected pitch ang*e waa obtain'^ ^ noting 
t‘*e i-iich alcroa neeter rea<ling, and the ttagnation praoacra at the 
point, and entering a previously prepared curve to obtain the pitch 
anyle. 

f1ie rough data plot, with yaw artd pitch angles corrected, waa 
then used to pre; are contour cape of tna area tii^cwing percent of 
stagnation pressure, yaw angle, and pitch angle. These contour 
eape for Sxm Ko, 1 are a.own in Figures 7»*, fuid 9 respectively, 

nun Ko. 2 was autde with a stationary wall, but witi an end 
clearance of 5/16 inch, or 11.2^ chord. L'ata waa obtained and plotted 
in the aa*e aaivior as that described fur Run .o. 1, and the results 

are shown in figuroa 1”), 11, and 12. 

Sun Ko. 3 was similar to tho second riin except that the end 
clearance was l/H inch or chord. Data was obtained and plotted 
at before and the results are shown in Figures 13, 14, and 15. 

Run No. 4 was einllar to the third run, except that the Bovi:ig 
wall was used during this run, with the velocity of tho uoviug wall 
being equal to fact per seecnd. The sanding bait was 60Qx grit. 

.'he data was obtained and plotted as before, and the results are 
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Froa a stu43r of th« r«»ults obtalnad In this investigation 
it waa avidant that Euoh nora data is raquirad to fully evaluate 
the affects of ralativa notion between blades and wall on the 
secondary flow. It is racoaaended that traverses be aade holding 
all variables constant except on«j and attenpt to obtain an idea of 
the relative importance of end elcaranee, belt speedy belt roughness, 
and entering boundary layer. It jsight be possible to find the one 
eeskbination of the variables which would produce the eaallest losses, 
or the one eoa&binatlon which prepared the flow for the next row In 
the best nanner. 

In order to have a better understanding of the developsent of the 
flow phenomena, it is reconmended that additional traverses bs leade 
in planes nearer the trailing edges of the blades, ar>ii also witiiin 
ths blade passages thsnsslvos. The trsvorse of the plsne one~hslf 
clK>rd length downstrean of the caaoade, although indicative of the 
flow that Slight be entering the neat set of blading in a turtx^iaachiRe, 
does not give enough inforaustion to visualise the upstream flow devel- 
opment. 

It ie further rccoaveended that the traversing mechanism bs modi- 
fied to permit nulling the probe to obtain pitch readings. This 
ROdificatlon would permit nulling for both pitch aitd yaw angles. 

Angles could then be obtained directly aitd would only re«.;ulre correct- 
ion for regions of high vslocity gradient. 
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An Invtstleftilon on th« proc* typua and of prooadurea ior 
obtnlnlni; rcllabla data in bi/;h valocity ^^rodlanta ia r«ooa««n<)«cl. 
This Mtudy would ba nads with th« objeetlvs of dsTslopins a pro- 
csdurs that would psmit rapid translation of rsadirvss obtainad 
to corractad valu«a, 

A Mthod of roadily prvisunting ttw data in thr«« dlAsnsions 
would be of great value in the Intez^rotation of results, iwo 
dimettsional plots hnvs li%ited vnlus in the visuallaation of ths 
flow pattern. One nethod of presentation which could loe used to 
advantage in pres«:iting such data would be five dimenaional needle 
plots, one of which has already been prei^vjired at tite Gas Turbine 
Laboratory* In this method, a piece of board la used to represent 
the plane of Measere.-.ent (in this case plane B). wor the entire 
area of the board at equal intervals are placed needles pointing 
in the direction of the flow at the point, and with a length corres- 
ponding to the stagnation pressure. Thus one plot indicates the 
dinsnsions of t and / location of the ja^int in plane fi, yaw angle, 
pitch angle, and percent of stagnation pressure. 
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An investigation was msd« of amitabls nsans Tor producing 
s sQoVe strsan for viauallsstlon of ths flow in th« eftssad*. A 
tirtoke generator, developed by the Ultrasonic Corporation of 
Cvfibridre, Kascachcsetta, in conducting basic rosesrch on control 
of particle else, was obtalnod. As originally constructed, the 
moke gmerator consisted of an electrically heated tank for 
vaporising oil, a therooneicr, a prosoure switch for regulating 
the vapor pressure in the tank, and a siu^rt outlet line for the 
vapors. It was Intended to use title snoke generator as originally 
eonstracted, except that tho aitort outlet Hn* would bo replaced 
by a rather long (5 feet) Hus leiuling to a saoke probe. A 
diagraruttic sketch of tha equipment le shovst in fig. 1-A. 

The tank was constructed of a section of 4 inch pipe, with 
a fitting at the bottos to receive the lOtX) watt Crortalox Imiciv 
elon type heater, and fittings at tha top for a theraoaetcr, a 
pressure line, and an outlet line for the oil s-apor. Tha total 
capacity of the tank was approximately three quarts. Ourlr^ 
operation the oil level was naintalried at about one Inch above 
the top of the heatiiqj eloKant, leaving approxisately four inches 
of the tank for vapor space. 

The vapor prosaure In the tank was controlled by a pressure 
switch which controlled the current to the heater. Tho pressure 
switch consisted cf a aercury nanoKuter, one side of which led to 
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th« tank and th« oth«i* aide of which waa open to tti« <*ijioaphore. 

In the colunm v^ilch was open to the aimoaphura, thera was runted 
a ssalL float eade of plastic, which waa connected by a rod to a 
Mwircury switch, kn increoaa in proaaurc in tha tank would cau a 
the mercury level in tha manoneter to rise, raise ti^e float, actuate 
the switch, and cut off the current to the heater, A variac was 
also in the line for better control. 

The pressure aalritalnod in the tank during operation could 
be varied froa »ero to 26 inchoa of aercury j 16 inohee of aercury 
was the preesurc used during most of tha investigation. Tne oil 
used wss Socony Oargoyle ’’Tslocite**, Crads E. This oil had been 
used by Ultrasonic Corporation with satisfaetory results. 

It was found that tie sioske generator, aodifled aa described 
above, operate I ae a diotilling apparatus. The oil vapor condensed, 
and the oil particles collected on the wells of the tubing and oaiae 
out of the Bffioko probe s.s liquid oil. The only way of obtairdLng 
good oeoke was to *alntain the line leading to the snoke j>robe 
and the probe itself at a suffisiently high tesq>«rature to keep 
the oil in the vapor state until It ciMrgad froa the pi'Obe into 
the air. .ven wl;en ttd.s was done, so.we liquid oil was still ob- 
served leaving the probe. 

.he failure of the basic equipment to function properly In 
this application, wheruas it had worked properly for Ultrasonic, 
was attributed to the following difference in the operating eondi- 
tiono! in the work done by Ultrasonic, the vajjor was taken fro« 
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thQ tank and Injvctod diractxy iuto an air«lro&3i, ratUer t an 
passing through a Itingth of tuUlng a^td a rioi» itrictura sucn aa ^xv>~ 
ducod by a saiO>;a proba of MtnU. diaruitcr. 

Following this line o£ reasunl ig, it was Tali that if oool 
air could ba Injactad into the vapor lino near t»a tana, tuu e..iOKa 
particles ?fould renaln In suopcaslon until tpoy nad paesad through 
tba lino and out of tha probe. This xathod waa attaapted with 
unsatisfactory results. 

Another acthtod considarad was that of a settling Laits r4«ar tha 
vapor tank to fix snoke particla siae before onterinj; tha llna to 
tha probo. '^'his rcthod was not tried. 

A s.’roka gencrfitor, similer in principle to that described in 
R«f, 1 was usoti to investigate Bsatariais that would produce satis- 
factcry smoke. Tork and cirars were ueod with good rwauite. -ril 
soaked oig'srs px^ovei B»st satisfactory. It wa» intended to u.sa 
this t/ra of sxoke generator for vlaualiaatlon of the flow in tha 
cascada. 
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MOVING WALL ASSEMBLY 
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MOVING WALL ASSEMBLY MOUNTED ABOVE CASCADE 
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GENERAL VIEW OF TEST SECTION AND CONTROL STATION 





FIVE HOLE PROBE 
(1^ Times Actual Size) 
Fig. U 
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VELOCITY PROFILE AND BERNOULLI SURFACES 
IN PLANE A (Caseade RemOTed) 

Fig. 5 
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